One possibility is to allow an "unknown" section on the side. (Fig. 1) The "unknown" section between two colors, say white and blue. (Fig. 2) The invariant they used. (Fig. 3) 
whenever there is a loop we shall be constructing a loop invariant. One possibility is to allow an "unknown" section on the side (see Fig. 1 ).
Or we may leave the "unknown" section between two colors, say white and blue (see Fig. 2) .
One of the invariants leads to a better algorithm. Which will it be?
Until the mid 1990s, conventional wisdom was that the three-way partition needs too many swaps and is not worth doing for quicksort. In the 1990s, most of the quicksort routines were derived from the one written by Lee McMahon for Version 7 Unix, which had been around for 20 years. The common hack was to switch to either bucket sort or radix sort when the array gets small. Still, Bentley and McIlroy noticed that, for all quicksort routines they could find, there was always an easy way to generate an input that had to be processed in quadratic time. So they set out to build a more robust quicksort, and studied the Dutch national flag problem again.
The excessive number of swaps in the traditional solution, they claimed, was By Shin-Cheng Mu G iven an array of elements, each having one of three colors: red, white, and blue. How can the elements be swapped such that the array is sorted in the order red, white, and blue?
This "Dutch national flag" problem was proposed by Feijen and Dijkstra (Why not French or Yugoslavian? Apparently both Feijen and Dijkstra were Dutch!). It is well known that quicksort performs badly for arrays that are almost sorted or contain repeated elements. Let red, white, and blue represent elements that are, respectively, less than, equal to, and greater than the pivot. Solving the Dutch national flag problem leads to a threeway partition that handles repeated elements better.
To construct the program, we know that we definitely need a loop. And due to stepwise swapping the white elements to the middle. Instead, they recommended leaving the white elements on the two sides, sorting the array in the order "white, red, blue, white," and finally swap the white elements to the middle in a separate pass (Fig. 3) .
And it worked very well! The performance was significantly improved. The cost of the separate pass swapping white elements back can be amortized, since once they are in place, they need not be processed in the recursive call. Sedgewick and Bentley proved that such a quicksort is entropy-optimal, and it is in use in many Java and C libraries today.
However, the result is no longer the Dutch flag. There is not even a national flag with four stripes. But by swapping the colors a flag with four stripes (in blue, white, red, and blue) can be found that matches: that of Rypin, Poland, a town with a population of about 16,000.
